The number of bases that can be read in a single run by a DNA sequencing instrument that detects fluorophore labeled DNA arriving at a "finish-line" located a fixed distance from the starting wells is influenced by numerous parameters. Strategies for improving the length-of-read of a DNA sequencer can be based on quantitative models of the separation of DNA by gel electrophoresis. The dispersion function of the eleclrophoretic system -the relationship between molecular contour length and time of arrival at the detector -is useful in characterizing the performance of a DNA sequencer. We adapted analytical representations of dispersion functions, originally developed for snapshot imaging of DNA gels, (samples electrophoresed for constant time), to finish-line imaging, and demonsirated that a logistic-type function with non-integral exponent is required to describe the experimental data We use this dispersion function to determine the resolution length and resolving power of a LI-COR DNA sequencing system and a custom built capillary gel electrophoresis system, and discuss the factors that presently limit the number of bases that can be determined reliably in a single sequencing rim.
INTRODUCTION
The ability to determine the sequence of the bases in DNA is Critical in biological and medical research and in applied fields including agronomy and pharmacology. Since the development of general methods to determine DNA sequence" 2 there have been numerous advances in the technology, particularly the development of instruments that integrate electrophoretic separation, detection of single stranded DNA and analysis of the resulting thta. While numerous other technologies for automated DNA sequencing have been explored, methods based on gel electrophoresis, including both the slab gel systems cited above and capilaiy gel electrophoresis,9" are still the methods of choice. Numerous incremental improvements in electrophoresis-based . DNA sequencing have enhanced the performance of automated sequencers and hence raised the Standards by which potential competing technologies are judged. Among the goals of continued development are improving the rate of sequencing, 1. e. throughput, and reducing the need for laborintensive steps, such as producing new gels and loading samples. One approach to these objectives is to increase the number of bases that can be determined during a single elecirophoretic experiment either by increasing the number of samples or by increasing the number of bases determined in each sample, i.e., the length of read. This report addresses methods of quantifying some of the parameters that determine the number of bases that can be coirectly identified in a single electrophoretic experiment.
THEORY 2.1 Defining resolution
For purposes of sequencing DNA, adjacent bands in an electrophoretic gel are considered resolved if their correct number and order vis-à-vis bands in other lanes or decorated with other labels can be detennined accurately. Both human observers and computational algorithms can call closely spaced bands. In developing improved electrophoretic procedures, we need a simple but robust quantitative measure of resolution with which to judge the performance of various protocols. The standard defmition is that two bands are resolved if the separation between their peaks is greater than the average of their widths, 1. e., Xa XbI ! WbI/2, where x is whatever coordinate system is used to measure separation. Of course, peak locations and widths must be measured in the same units for this comparison to be valid. How do we defme the width of a band? Some authors have used the width of the band measured at the baseline, but this is a poor choice as the point at which the trace just rises above the baseline is often not clearly defmed. The usual measure of band width is the full width of the band measured at one half of the peak or maximum value. Frequently, the symbol F is used to denote the full width at half maximum. In Figure 1 we show a lane profile for three identical adjacent bands that are separated by their common full width at half maximum values. The axes are labeled to indicate the coordinates typical in automated DNA sequencing, 1. e. ,fluorescence vs. time of arrival at the detector. Using F's rather than "baseline" widths is a less conservative definition of resolution, but is still more conservative than is necessary, as both human readers and computer programs can correctly "call" bands that are more closely spaced. As a measure of resolution, however, this criterion is still useful for evaluating the performance of electrophoretic systems, as measured improvements will always indicate better separations.
A limitation of resolution as defmed above is that two or more closely spaced bands are required for a determination, hence restricting the experimental situations in which resolution can be evaluated. For example, using this criterion for evaluating the resolution of a capillary gel system for reading DNA sequence, Luckey ez' a!. were limited to evaluating resolution at only three points in a DNA sequence containing more than 350 bases.12 An alternate method, which permits more facile determinations of resolution is to compare a well resolved band with virtual copies of itself. This is the situation shown schematically in Figure 1 . The implementation of this strategy is somewhat different for the analysis of DNA restriction fragments and other long DNA molecules compared to DNA sequencing. For longer DNA molecules, we determine the length of the DNA in the virtual bands that would just be resolved from the target band. In the case of DNA sequencing, however, we usually make the comparison with virtual bands migrating as if they are exactly one base longer or shorter than the experimental target band, as the goal in sequencing is always to separate bands that differ in length by only one base. In either case, we can determine the locations of the peak of the adjacent virtual dx AL bands using the equation L\x -s-AL = , where x is the (genralized) separation coordinate, E.x is the "1J
/dx
separation between the centers of the real and virtual bands, L is the difference in DNA length between the real band and the adjacent virtual band, L(x) is the relationship between the contour length of DNA and the separation coordinate,
x, and dljdx is the derivative of L with respect to x. L(x) is referred to as the dispersion function of the electrophoretic system. For the remainder of this report, we shall use "x" as the distance of electrophoretic migration, rather than as a "generalized separation coordinate".
Resolution length and resolving power
Lerman and Sinha'3 defmed the resolution length, &L,, associated with a particular DNA band as the difference in lengths corresponding to a difference in band centers equal to f. That is,
where F is the full width at half maximum of the band and dL/dx is the derivative of the dispersion function with respect to its location determined at the center of this band. is just equal to the full width at half maximum for three (identical) bands. The right and left bands are virtual images of the center band that have been shifted by a time of arrival, At, that is equal to its full width at half maximum, F. The heavy solid line is the sum of the three component bands.
fragments recorded after a constant time of elecirophoresis i.e. snapshot imaging, hence x is the distance of migration in the gel. The minus sign in needed because in snapshot images longer distances of migration usually correspond to shorter DNA molecules, so dL/dx is usually a negative number). In automated DNA sequencing, images of the DNA in the gel are usually acquired as a function of the time of arrival at a particular position, usually near the end of the gel, 1. e. finish-line imaging, and the resolution length is given by the equation14 dL Equation 2
AL =1'-.
r dt A negative sign is not required because in finish-line images, a longer time of arrival usually corresponds to a longer molecule, so dL/dt is usually positive. [' is always measured in the same units as the corresponding independent variable. It is sometimes useful to measure the resolution relative to the length of the molecules being studied. Thus, Ribeiro and Sutherland'4 introduced resolving power which is the ratio of the length of the DNA molecules in a band to the resolution length of that band. For snapshot images, resolving power is defined by the equation For sequencing gels, we require that the separation of bands differing by only one base in molecular length be greater than the full width at half maximum of the given band. This is equivalent to the requirement that the resolution length is less than one base, or that the resolving power is greater than the numerical value of the length of the molecule, measured in bases. In both cases, we are using the derivative of the dispersion function to determine the location of virtual bands differing in length by one base from the selected band.
Dispersion functions
The dispersion function and its derivatives are determined by fitting a smooth curve to a data set consisting of the lengths of a set of DNA molecules and the centers of their bands recorded in either snapshot or finish-line images. This can be achieved either using local fitting procedure, or by use of some global function. We prefer the latter, because it is easier to perform extrapolations and the global dispersion function may provide more insight into the nature of the electrophoretic process. Exponential dispersion functions have been used extensively to describe the separation of proteins by gel electrophoresis, and there is a solid theoretical foundation for their use.15 Exponential dispersion functions are also used to describe the separation of DNA by gel electrophoresis. While such functions provide an accurate representation of the separatory process over a range of molecular lengths, they fail for both the largest and smallest DNA that can be separated under a given set of experimental conditions.'6 Southern'7 showed that the separation of DNA over a wider range of molecular sizes was better described by what he described as a "reciprocal model", which can also be characterized as an offset hyperbola. Whatever the name, this model requires determination of three constants from the experimental data. As presented by Southern, these were arbitrary fitting parameters,'7 but the hyperbolic equation can be rearranged so that all three constants can be assigned physically meaningful am9 In this The hyperbolic dispersion function provides a reasonable approximations for many experimental data sets, and has the advantage that all three constants can be determined by a linear least-squares procedure.2° However, several workers224 have shown that better fits to the experimental data are obtained if one of the experimental parameters in the hyperbolic function is raised to a non-integral power. No physical significance was attached to the exponent,21 and increasing the number of fitting parameters is always expected to improve the quality of a fit. We shall show, vide infra, that some data sets are qualitatively incompatible with the three parameter hyperbolic function, but can be fit with a four parameter function in which one of the parameters is an exponent. A serious problem with most of the attempts to add an exponential term to the hyperbolic dispersion function is that the exponent is applied to a dimensioned quantity. When, as usually happens, the exponent is not an integer, the resulting equation is dimensionally inconsistent. The dispersion where t1 is the time of arnval of the center r, is the full width at half maximum, and R, is the resolving power for the band. The values of the band widths, F-, in these two equations must be measured in the same units as the independent variable, x, or t, respectively. If band widths were independent of the length of the DNA, resolving power for DNA distributions that are reasonably described by the logistic dispersion function would be parabolic with their maximum values at x,,, or t respectively. In practice, band widths always vary as a function oflength with the result that the peak in the dispersion function shifts in the direction corresponding to smaller values ofL. The shift is larger in the case of finish-.
line imaging than for snapshot imaging.'9 The values of molecular length and resolving power for the three cardinal locations in snapshot and finish-line images are given in Table 1 . The values of r in Table 1 refer to the full width at half maximum of a band located at the corresponding distance of electrophoresis or time of arrival, andare measured in the same units as that variable. There are singularities in the expressions for dL/dx and dL/dr at the points corresponding to molecules of "zero" length, 1. e., x0 and to. For the hyperbolic cases (p = 1) the extrapolated dispersion functions intersect the axis with a finite slope, [the values are IL,,,, /( x0 -x) and 4,,, /( t -ti), respectivelyj, while for the general logistic case, the extrapolated slopes either become infinite if p> 1, or zero if p < 1. The singularities disappear in the expressions for resolving power. 
Capillary gel electrophoresis
Data were collected from a bespoken four color detection apparatus similar in design to that described by Smith and his colleagues12 and equipped with a 10 mW argon ion laser emitting 514 nm light. The capillary was 100 tm in diameter and 34 cm long and operated with a static field of 220 V/cm. The M13 (-21) primer was used on a pGEM32f(+) cloning vector using the Taq polymerase dideoxy termination cycle sequencing kit (Perkin Elmer Corp., Redwood City, CA) for samples terminating in thymine residues that were labeled with 6-tamra dye. The gel matrix was 4% linear polyacrylatnide in 1 X TBE (3.5 M urea, 30% forniamide), 1:1 AP, TEMED.
Data analysis
The LI-COR sequencer data collection program COL records the entire two-dimensional fmish-line image which is subsequently analyzed by the LI-COR data analysis program ANL which extracts lane profiles and calls the sequence of the bases. The output from ANL is used by the program MKSCF that generates lane traces in Staden Curve Format. The resulting files were converted to ASCII format by a program EXPMKSCF supplied by LI-COR. Capillary gel data were stored in comma delineated ASCII format. Time-fluorescence lane profiles from both systems were imported into the peak fitting module ofthe data analysis program OfflGD (Microcal Software, Inc., Northampton, MA) which was used to extract gaussian peak parameters. ORIGIN was also used to fit logistic functions to length-time data using the Levenberg-Marquardt algorithm, and for the preparation of all figures. In the fitting procedure, DNA length was treated as the independent variable and time of arrival was the dependent variable, because the length values are known accurately while the times are subject to experimental uncertainties.
RESULTS AND DISCUSSION
4. 1 Dispersion functions for finish-line imaging of DNA sequencing gels Figure 3 shows plots of DNA length as a function of time of arrival at the detector for static field electrophoresis in a slab gel and a capillary gel system. The data fall close to a straight line over much of the range. A straight line is what is predicted for the simple approximation that velocity is inversely proportional to molecular length, I. e. v oc i/L, which implies that the time of arrival is directly proportional to molecular length. This hypothesis is untenable, however, as it implies that the extrapolated line should intersect the origin, which is not the case1 . The hyperbolic dispersion function allows for a non-zero intercept with a constant slope (d[Jdt = L,,,/t0) if reptation does not occur, I. e. v 0. if reptation is significant, however, the hyperbolic model predicts that the slope of the dispersion function will not be constant, but will increase monotonically as a function of time after ti,, as shown in Figure 2 . But the hyperbolic model cannot account for the experimental points of the smallest DNA's that fall below the straight lines fit to the data for longer DNA molecules. For the capillary gel data, an upward curvature above the straight reference line is also apparent for the longest DNA molecules in the sample. Comparison ofthe experimental points with the theoretical curves shown in Figure 2 indicates that a logistic function with p > 1 can reproduce the observed curvature in the data, the near linear fit over a limited range between t0 and t,,,, and the increase in slope for the longer molecules. Thus, we shall use the logistic function to describe electrophoretic dispersion for these data.
Resolution of DNA bands: capillary gels with finish-line imaging
The ability of the logistic function presented in Equation 6 to describe the dispersion function for a static field capillary gel is shown in Figure 4 . The top panel shows the trace of a lane in which the samples are terminated in thymine residues. The length of the DNA molecules in each band, which is known from the sequence of the DNA, is plotted as a function of the observed time of arrival of the band in the center panel of Figure 4 . The solid line passing through the data points in the center panel is the logistic dispersion function determined by a non-linear least squares fitting procedure which returned t0 = 17.6 min, tm 71. 4.3 Resolution of DNA bands: slab gels with finish-line imaging Figure 5 sunimarizes data recorded from a LI-COR automated DNA sequencer. The upper panel is the lane trace for a sample terminated at adenine residues. The lengths ofthe resolved bands are plotted against their times of arrival of their peaks at the detector in the center panel. Data collection began shortly before the arrival of the first band, about four hours after the beginning of electrophoresis, and continued for about 14 hours thereafter. We were able to resolve bands of known length arriving at the detector for about 9 hours, corresponding to DNA contour lengths of more than 1,000 bases. The software normally used with the LI-COR sequencer called the sequence to about 825 bases, and with high accuracy to 600 bases. This program had to integrate data from four lane traces, not just the single lane shown in Figure  5 . The dispersion function, full width at half maximum, and resolving powers for these bands are shown in the center and lower panels of Figure 5 . Using an extrapolation of the dispersion function described below, we find that the bands arriving at the detector at the end of the trace correspond to DNA lengths of about 1600 bases. As shown in Figure 3 
Comparing resolution of slab and capillary gels
Resolving power and resolution length permit direct comparisons of electrophoretic systems that differ greatly in other experimental parameters. For example, we can compare the performance of snapshot and finish-line imaging systems using these methods.14 In Figure 6 , we compare the resolving power ofthe capillary gel data from Figure 4 with the slab gel data from Figure 5 . Up to about 400 bases, the capillaiy system gives higher resolving powers, with values well above the classical threshold for resolution equal to the corresponding DNA length, which is shown as the dashed line in Figure 6 . The data from the slab gel, on average, never get above thisline, but the peak in resolving power occurs at a far larger value of DNA length, about 800 bases.
Extrapolation of dispersion functions
The dispersion functions for the capillary and slab electrophoresis shown above are close to linear over much of their range, so we could easily measure a single slope to use in the determination of resolving power in Equation 4 . In addition to perhaps providing some insight into the process of elecirophoretic separations, the development of global analytical expressions for the dispersion function lets us extrapolate well past the limits of the experimental data, as shown in Figure 7 . The display of the data in Figure 7 dispersion function for both capillary and slab gels. Because greater extrapolations are involved, tc.5 probably determined less accurately than t0.
Factors affecting performance of DNA sequencing instruments
We have investigated two factors that affect the performance of DNA sequencers: the slope of the dispersion function, and the widths of individual bands. For sequencers that acquire finih-line images, the slope of the dispersion function is nearly constant over the useful range of the instrument, except for the smaller DNA molecules, for which resolution is usually not a problem. The length of read is limited by two features of band width. First, bands tend to increase (linearly) in width as a function of increasing DNA length and, hence, time of arrival. Second, there are significant, apparently random, variations in band width, which in some circumstances may result in the first uncallable site in the image.
There is another factor that may influence the length and accuracy of base identification that is not included in the formalism of resolving power, but which can be demonstrated from the same data sets. In determining resolving power, we have assumed that the center of each band arrives at the detector at exactly the time expected for a molecule of its length. Variations in the time of arrival of a band compared to its expected time of arrival as judged by the other bands in the data set may lead to errors or ambiguities in base identification. By analogy with other systems in which events (in this case the arrival of a band at the detector) are expected at predictable times, we can refer to this effect as phase jitter in the electrophoretic system. We could describe phase jitter in terms ofthe differences in the expected and actual times of arrival, but a better approach is to reflect the time differences off of the dispersion function and report the differences in apparent length of the DNA in the band associated with the difference in time of athval. We defme the length-time variation as the difference in molecular length of the DNA molecules in the ith band and the expected (interpolated) length of molecules in the band arriving at the observed time of arrival of the 1th band, 1. e.,
Note that L is an integer but L(t. ) is a real number. For this
calculation, the small but systematic eors in the logistic dispersion function become significant, so we must use a local averaging procedure to determine the dispersion function, L(t). Describing this effect in terms of molecular length rather than time of arrival facilitates comparisons between different separation systems, as shown in Figure 8 for some of the slab and capillary gel data described above. In an ideal system there would be no phase jitter, while any workable DNA sequencer must exhibit values much less than unity. The data shown in Figure 8 fulfill this condition, although some of the extreme values approach unity for the longer DNAs separated in the slab gel system. There is no obvious correlation between the magnitude ofthe band width and the phase shift in the time ofband arrival (data not shown).
SUMMARY
We have shown that hyperbolic functions are incapable of describing the separation of single siranded DNA in sequencing gels under some circumstances, but logistic functions, which are a superset of the hyperbolic functions, can reproduce all of the observable features of the experimental dispersion functions. Accurate dispersion functions are useful in quantitating eléctrophoretic resolution, and global models have the advantage of facilitating extrapolations to DNA lengths outside the experimental range. An important goal of future research is relating the parameters obtained from model dispersion functions to properties of the electrophoretic (gel density, electric field strength, viscosity, ionic strengths, etc.) and to the molecularproperties ofthe DNA.
Our results also demonstrate quantitatively an observation that has been made by other workers, that the main limitation of DNA sequencing for finish-line detection is band spreading and not loss of band separation. Average band widths appear to increase in an approximately linear manner over the range of our data, but apparently random scatter about average band widths may be the factor that determines the length of read in a particular experiment, although apparently random variations in band arrival times (phase jitter) may also play a role. 
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